Mismatch repair (MMR) is an excision-resynthesis system that is initiated at a DNA strand break, which may be located 3′ or 5′ and hundreds to thousands of base pairs away from the mismatch 1 . The fidelity of replication-associated MMR depends on communicating mismatch recognition to the distant strand break and then exclusively directing excision of the strand containing the misincorporation error 1 . Resynthesis of the single-strand DNA (ssDNA) gap appears to be independent of excision and is performed by the replicative polymerase . Other studies have visualized Saccharomyces cerevisae (Sc) and human (Hs) MSH and MLH/PMS proteins diffusing along the DNA, although the role of these operations in MMR is unknown [10] [11] [12] [13] . These mechanisms contrast a traditional model where the assembly of a MutS-MutL complex executes directional ATP-hydrolysis-driven DNA translocation to activate distant MMR 14, 15 
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. The fidelity of replication-associated MMR depends on communicating mismatch recognition to the distant strand break and then exclusively directing excision of the strand containing the misincorporation error 1 . Resynthesis of the single-strand DNA (ssDNA) gap appears to be independent of excision and is performed by the replicative polymerase 1 . Although the source of the strand break that directs MMR in most organisms remains unclear 1, [4] [5] [6] , a subset of γ -proteobacteria that includes E. coli have evolved DNA adenine methylation (Dam) and the MutH endonuclease to specifically introduce a scission into a transiently hemimethylated Dam GATC site on the newly replicated strand 7 . How MSH and MLH/PMS proteins communicate mismatch recognition to distant MMR components such as MutH continues to be uncertain 8 . A recent study with Thermus aquaticus (Ta) proteins suggested that TaMutL traps TaMutS at the mismatch, which then hypothetically acts as a catalyst to polymerize multiple TaMutL along the DNA 9 . Other studies have visualized Saccharomyces cerevisae (Sc) and human (Hs) MSH and MLH/PMS proteins diffusing along the DNA, although the role of these operations in MMR is unknown [10] [11] [12] [13] . These mechanisms contrast a traditional model where the assembly of a MutS-MutL complex executes directional ATP-hydrolysis-driven DNA translocation to activate distant MMR 14, 15 .
We used single-molecule total internal reflection fluorescence microscopy to image E. coli MMR on fields of ~ 200 well-defined doubly-tethered 17.3-kb mismatched DNAs 16 (Extended Data ) and an association lifetime (τ on•EcMutS = 185 ± 35 s) that was two-to three-fold less than that of TaMutS or HsMSH2-HsMSH6 (Extended Data Tables 3, 4 , Extended Data Fig. 2c -e) 13, 16, 17 . These observations support previous studies showing that mismatch binding provokes the formation of ATP-bound MSH sliding clamps that freely diffuse on DNA 10, 11, 13, 18, 19 . In contrast to other single-molecule imaging studies 11, 20 , we found that Cy3-labelled EcMutL 16 (Extended Data Tables 1, 2 , Extended Data Fig. 2a ) only binds DNA at low ionic strength or in the absence of magnesium, which was not altered with ATP (Extended Data Fig. 3 ).
Co-injection resulted in frequent co-localization of EcMutS-AF647 and EcMutL-Cy3 particles on the mismatched DNA (Fig. 1a, Extended  Data Fig. 4a, Supplementary Video 1) . Most particles (80%) displayed unambiguous real-time coordinated movement along the DNA (Extended Data Table 3 , Extended Data Fig. 4b ) that permitted determination of the lifetime (τ on•EcMutS-EcMutL = 43 ± 3 s) and diffusion coefficient (D EcMutS-EcMutL = 0.004 ± 0.002 μ m 2 s −1 ; Fig. 1b , c, Extended Data Table 4 ). The diffusion coefficient was constant over a range of ionic strengths (Fig. 1c , Extended Data Table 4 ), indicating the EcMutS-EcMutL complex remains in continuous DNA contact during diffusion 21 . By estimating the Stokes radius from published structures 22 we calculated an average free-energy barrier (ε) of 1.7 k B T for rough-landscape diffusion 23 (see Methods). These results are consistent with the conclusion that the EcMutS-EcMutL complex can engage in an efficient DNA search that includes rotation-coupled one-dimensional (1D) diffusion along the backbone 10, 23 . Although EcMutS sliding clamps originated at the mismatch (Fig. 1d,  top) , the initial association with EcMutL appeared random along the DNA (Fig. 1d, bottom) . Following the assembly of an EcMutS-EcMutL complex, four types of dissociation mechanics were observed (Fig. 2a) .
The least common type (2% of total events) was simultaneous dissociation of both EcMutS and EcMutL from the mismatched DNA (Fig. 2a) . The most common type (49%) engaged in a dynamic dissociation-association (oscillating) complex on the DNA (Fig. 2a, b , white arrows, Extended Data Fig. 4c, Supplementary Videos 2, 3) . The association time for the oscillating EcMutS-EcMutL complex (τ on•EcMutS↔EcMutL = 30 ± 3 s; Extended Data Fig. 4d ) was similar to that of the initial EcMutS-EcMutL complex assembly (Fig. 1b) . However, the dissociation lifetime was ~ 8-fold shorter (τ off•EcMutS↔EcMutL = 3.8 ± 0.3 s; Fig. 2c ), indicating that EcMutS and EcMutL were in complex ~ 90% of the time (Fig. 2d) . The location of the oscillating EcMutS-EcMutL complexes occurred over the entire DNA length (Fig. 2b, Extended Data Fig. 4c) . Interestingly, the EcMutL clamps appeared to bypass the EcMutS clamps in 12% of the oscillation events (n = 67; Fig. 2b , lower white arrows).
A third type of EcMutS-EcMutL complex dissociation (22%) left EcMutS alone on the mismatch DNA that appeared to retain identical properties to the initially loaded EcMutS sliding clamps (Fig. 2a) , whereas a fourth type (27%) left solitary extremely stable EcMutL particles on the DNA (τ on•EcMutL = 851 ± 155 s; Table 4 ). Both EcMutS and ATP were required to observe EcMutS-EcMutL complexes and stable fast-diffusing EcMutL particles on the mismatched DNA (Fig. 2h,  Methods) .
The ATP dependence, stability and intermittent DNA contact suggest that the EcMutL particles could engender a second sliding clamp. To test this hypothesis, we examined MMR-defective mutant protein EcMutL(R95F), which is incapable of binding ATP Fig. 2a, b) . Numerous EcMutS-EcMutL(R95F) complexes were observed on the mismatched DNA that displayed a lifetime (τ on•EcMutS-EcMutL(R95F) = 32 ± 2 s) and diffusion (D EcMutS-EcMutL(R95F) = 0.003 ± 0.002 μ m 2 s −1 ) similar to the wild-type EcMutS-EcMutL complex (85% of the particles; Fig. 3a -c, Extended Data Tables 3, 4). These results confirm that EcMutL(R95F) associates normally with EcMutS sliding clamps 18 . However, oscillating EcMutS-EcMutL(R95F) and stable fast-diffusing EcMutL(R95F) were never observed (Fig. 3d , Methods), with the majority of complex dissociations leaving EcMutS alone on the DNA (77%, Fig. 3e) . We conclude that a principal role for ATP binding by EcMutL is to establish an oscillating EcMutS-EcMutL complex and/or stable fast-diffusing EcMutL.
Pre-binding EcMutS with a poorly hydrolysable ATP analogue inhibits sliding clamp formation 18 , because it induces a closed ringlike structure that without hydrolysis is unable to interact with the mismatched DNA 22, 25 . Similarly, a non-hydrolysable ATP analogue bound to EcMutL might produce a closed ring-like structure that is incapable of interacting with EcMutS or forming stable EcMutL particles on the mismatched DNA (Fig. 3f ) . As a control, preincubation of EcMutL with ATP did not significantly change the frequency of EcMutS-EcMutL complexes or stable EcMutL particles on the mismatched DNA ( Fig. 3g, left ; compared to Fig. 2h, Fig. 3d , Methods). However, pre-incubation of EcMutL with non-hydrolysable adenylyl-imidodiphosphate (AMP-PNP) substantially reduced the frequency of EcMutS-EcMutL complexes and stable EcMutL particles (Fig. 3g, middle, Fig. 3h, top) , leaving mostly EcMutS sliding clamps on the DNA (Fig. 3i, top) . Because EcMutL(R95F) cannot bind ATP, abundant EcMutS-EcMutL(R95F) complexes were observed following pre-incubation of AMP-PNP, which then never progressed to oscillating EcMutS-EcMutL or stable EcMutL particles (Fig. 3g, right,  Fig. 3h , bottom, and Fig. 3i, bottom) . These results are consistent with the idea that an open conformation of EcMutL is required to interact with EcMutS sliding clamps, which then binds ATP to form a second, exceedingly stable, ring-like clamp.
The EcMutH dissociation constant (K d ) with hemimethylated Dam GATC DNA is at least threefold higher than its cellular concentration 26, 27 . EcMutL activation of the EcMutH endonuclease might overcome this binding problem 18, 28 , although the mechanics of this progression are unknown. We only detected AF647-labelled EcMutH (Extended Data Table 1 , Extended Data Figs 2a, 5a) bound to the mismatched DNA in ≤ 50 mM NaCl (Extended Data Fig. 5b-g ). However, when both EcMutS and EcMutL were present, numerous EcMutH particles were observed on the mismatched DNA at physiological ionic concentration (Fig. 4a, Methods) . The majority of EcMutH-AF647 (89% of particles) co-localized and displayed coordinated diffusion with EcMutL-Cy3 (Fig. 4b , Extended Data Table 3 ). No EcMutH binding was observed when EcMutL(R95F) replaced wild-type EcMutL (Fig. 4a, c) , suggesting that EcMutH only associates with an ATP-bound EcMutL sliding clamp.
By substituting EcMutS-AF555 for EcMutL-Cy3, we observed EcMutS-EcMutL-EcMutH complexes ( Table 4 ). The lifetime of the EcMutL-EcMutH complex appeared to be independent of EcMutS association and increased the intrinsic EcMutH DNA binding kinetics by at least 1,000-fold (τ on•EcMutL-EcMutH = 187 ± 6 s; compare (Extended Data Fig. 5j , Extended Data Table 4 ). Together these observations suggest that the EcMutS-EcMutL-EcMutH complex is uniquely capable of engaging in an efficient 1D diffusion-mediated DNA search for a hemimethylated Dam GATC site. Our studies demonstrate that E. coli MMR employs a cascade of stable ATP-bound sliding clamps to modulate 1D diffusion mechanics along the DNA. These observations show how mismatch recognition is effectively communicated to a distant MMR initiation site and provides additional support for the molecular switch/sliding clamp model 18, 29 . In this model, EcMutS mismatch recognition forms ATP-bound sliding clamps that randomly diffuse with intermittent DNA contact, establishing a stable platform capable of attracting other MMR components 10, 13, 18, 19, 30 (Extended Data Fig. 6a ). The association of EcMutL with an EcMutS sliding clamp creates a previously unrecognized EcMutL sliding clamp that displays binding oscillation with EcMutS (Extended Data Fig. 6b ). Both an EcMutS sliding clamp and ATP binding by EcMutL are required to create these configurations (Extended Data Fig. 6b ). Single-molecule images of quantum-dot-labelled ScMsh2-ScMsh6 and ScMlh1-ScPms1 on duplex 20 and mismatched DNA curtains 11 appeared unable to detect these conformations (Supplementary Note 1).
We confirmed that the N terminus of EcMutL interacts with EcMutS sliding clamps using Förster resonance energy transfer 22 (FRET; Extended Data Fig. 5k, Supplementary Video 6 ). These observations are consistent with a molecular progression where one of the EcMutL N-terminal homodimer domains interacts with EcMutS . It is likely that the TaMutS-TaMutL studies were influenced by an obligatory FRET constraint near the mismatch and/or the use of thermophilic proteins that become active at higher temperatures.
EcMutH exclusively associated with the ATP-bound EcMutL either in the EcMutS-EcMutL search complex or as a free sliding clamp (Extended Data Fig. 6c) . Importantly, the EcMutL-EcMutH complex diffuses with intermittent DNA contact, albeit ~ 20-fold slower than EcMutL. A simple explanation is that EcMutH increases the sporadic DNA interactions slowing EcMutL-EcMutH diffusion along the DNA. Nevertheless, the intermittent DNA contact implies that the EcMutL-EcMutH complex is probably not capable of performing an efficient DNA search. In contrast, the EcMutS-EcMutL-EcMutH complex remains in continuous contact with the DNA backbone allowing it to engage in a 1D diffusion-mediated search that may efficiently locate a distant hemimethylated Dam GATC site (Extended Data Fig. 6d) .
A mechanism that utilizes modulated stochastic diffusion along the DNA to initiate excision contrasts most historical MMR models 8, 9, 14, 15 . The notable conservation of MSH and MLH/PMS proteins implies that a similar mechanics is probably widely used for exploring the DNA backbone and activating distant MMR processes; it might also be used by MSH and MLH/PMS to connect damage sensing to the DNA damage response machinery 2 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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Buffers and experiment conditions. The single-molecule imaging Buffer A contains 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 0.1 mM DTT, 0.2 mg ml −1 acetylated BSA (Promega), 0.0025% P-20 surfactant (GE healthcare) and 100 mM NaCl (unless stated otherwise). To minimize photoblinking and photobleaching, imaging buffer was supplemented with a photostability enhancing and oxygen scavenging cocktail containing saturated (~ 3 mM) Trolox and PCA/PCD oxygen scavenger system composed of PCA (1 mM) and PCD (0.42 U ml −1 , rPCO, OYC Americas) 33 . Construction of 17.3-kb λ-phage-based DNA with a single mismatch. λ-phage DNA (3.2 nM, Thermo Scientific) was ligated with the lambda mismatch 1 oligonucleotide (800 nM; Extended Data Fig. 1 , Extended Data Table 1 ) at room temperature (22 °C) overnight. The unligated oligonucleotides were removed by a 100 kDa Amicon filter (Millipore). The resulting DNA (3.2 nM) was then ligated with lambda mismatch 2 (800 nM) at room temperature overnight, followed by the removal of unligated oligonucleotides as above. The resulting DNA (1.6 nM) was cyclized at 18 °C overnight and digested with BsaI at 37 °C for 4 h. The BsaI-treated DNA was then ligated with the lambda linkers (~ 2 μ M, Extended Data Table 1 ) at 18 °C overnight. The DNA ligation products were separated on a 0.5% low melting agarose (Promega) gel; the 17.3-kb band was excised and treated with β -agarase (New England Biolabs) followed by isopropanol precipitation. The purified DNA was resuspended in TE buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA) and stored at − 20 °C until use. To methylate the mismatched DNA (Fig. 4 , Extended Data Fig. 5h-j) , 1 μ g mismatched DNA was incubated with 80 μ M S-adenosylmethionine and 8 U of Dam methyltransferase (New England Biolabs) at 37 °C for 2 h in an 100-μ l reaction, followed by inactivation of the enzyme at 65 °C for 15 min. Control experiments demonstrate that the DNA becomes completely resistant to MboI, indicating full methylation. Plasmid construction, MMR protein labelling and purification. EcMutS and EcMutL expression constructs have been previously described 16 . The EcMutL(R95F) point mutation was generated using the QuikChange site-directed mutagenesis kit (Stratagene). Hexa-histidine (his 6 ) and formylglycine-generating enzyme (FGE) recognition hexa-amino acid sequence (LCTPSR; ald 6 ) were introduced on to the C terminus of all MMR proteins with the exception of EcMutL(N-ter) and EcMutH, in which the tags were introduced on to the N terminus using a previously described protocol 16 . Two glycine residues separated the his 6 and ald 6 from one another and these tags were separated from the MMR proteins by two serine residues. The order of these tags relative to the MMR gene is indicated in Extended Data Table 2 . The E. coli mutH gene was amplified by PCR (Extended Data Table 1) , digested with NdeI and BamHI, and inserted into pET-29a (Novagen) bacterial expression plasmid. The resulting construct was amplified in E. coli XL10 gold (Stratagene) and verified by DNA sequencing. All the EcMutS and EcMutL proteins were expressed, labelled and purified as described previously 16 . EcMutH was expressed, labelled and purified by a protocol similar to EcMutS. All of the his 6 -and ald 6 -tagged MMR gene constructs used in these studies were shown to have a wild-type phenotype by complementation analysis in respective MMRdeficient E. coli strains except EcMutL(R95F), which was genetically a mutator indicating an MMR-deficiency as a result of a complete inability to bind ATP 18 (Extended Data Table 2 ). We used EcMutS(D835R,R840E) since the combined D835R and R840E substitution mutations eliminate the anomalous confounding effects of EcMutS protein tetramerization in vitro 34 (Extended Data Table 2 ). The labelling efficiencies of EcMutS-AF647 dimer (45%), EcMutL-Cy3 dimer (33%), EcMutL(R95F)-Cy3 dimer (29%) and EcMutH-AF647 monomer (50%) were determined by spectrophotometry as described 16 (Extended Data Table 1 ). Total internal reflection fluorescence microscopy and single-molecule studies. All the single-molecule data in this study were acquired on a custom-built prismtype total internal reflection fluorescence microscope based on the Olympus microscope body IX71. Fluorophores were excited using the laser lines (532 nm for green, 635 nm for red) in the single-molecule total internal reflection fluorescence microscopy system. Image acquisition was performed using an EMCCD camera (ProEM Exelon512, Princeton Instruments) after splitting emissions by a Dual View optical setup (DV2, Photometrics). Micro-Manager image capture software was used to control the opening and closing of a shutter, which in turn controlled the laser excitation 35 . The 17.3-kb mismatched DNA (300 pM) in 300 μ l T50 buffer (20 mM TrisHCl, pH 7.5, 50 mM NaCl) was injected into the flow cell chamber and stretched by laminar flow (250 μ l min −1 ). The stretched DNA was anchored onto a streptavidin-coated, PEG passivated quartz slide surface, and the unbound DNA was flushed by similar laminar flow.
To detect transiently bound EcMutL or EcMutH on DNA (Extended Data Figs 3,  5b-g ), EcMutL or EcMutH (2-10 nM) in imaging buffer was introduced into the flow cell chamber and protein-DNA interactions were monitored in real-time in the absence of flow at ambient temperature. The DNA was stained with Sytox Orange (250 nM, Invitrogen) or Syto 59 (700 nM, Invitrogen) after recording.
To measure the interaction between EcMutS and EcMutL, EcMutS (10 nM) and/or EcMutL (20 nM) in imaging buffer plus 1 mM ATP (unless stated otherwise) were introduced into the flow cell chamber and protein-DNA interactions were monitored.
Fully methylated DNA was used in the EcMutS-EcMutL-EcMutH experiments (Fig. 4) . To measure the interaction between EcMutL and EcMutH, unlabelled EcMutS (5 nM), EcMutL-Cy3 (10 nM) and EcMutH-AF647 (5 nM) in imaging buffer plus 1 mM ATP were introduced. To measure the interaction between EcMutS and EcMutH, EcMutS-AF555 (10 nM), unlabelled EcMutL (20 nM) and EcMutH-AF647 (5 nM) in imaging buffer plus 1 mM ATP were introduced.
To determine the EcMutL sliding clamp diffusion coefficient, EcMutS and EcMutL in imaging buffer (100 mM NaCl) plus 1 mM ATP were first co-injected. After 5 min the flow cell was flushed with imaging buffer containing 25-200 mM NaCl and 1 mM ATP to remove unbound proteins and EcMutL sliding clamps were monitored.
To determine the diffusion coefficient of the free EcMutL-EcMutH complex, unlabelled EcMutS (5 nM) and EcMutL-Cy3 (10 nM) in imaging buffer (100 mM NaCl) plus 1 mM ATP were first co-injected. After 5 min the flow cell was flushed with imaging buffer containing 100 mM NaCl and 1 mM ATP to remove unbound proteins. EcMutH-AF647 (5 nM) in imaging buffer containing 50-150 mM NaCl and 1 mM ATP was then introduced. 15 min after the wash diffusing EcMutH particles were monitored. AMP-PNP pre-incubation. EcMutL or EcMutL(R95F) (200 nM) was incubated with 2.5 mM ATP or AMP-PNP in 100 μ l Buffer A for 5 min. In a separate reaction, EcMutS (11 nM) was incubated with 1.1 mM ATP in 900 μ l Buffer A for 30 s. The two reactions were then mixed and introduced into the flow cell chamber immediately followed by the single-molecule imaging. Single-molecule data analysis. We found that 93% (52 out of 56) of the EcMutS sliding clamps displayed 1D diffusion along the mismatch DNA, whereas 7% (4 out of 56) remained on the mismatch (Extended Data Table 3 ). It is likely that the 7% EcMutS that remained on the mismatch reflects inactive proteins that do not respond to ATP binding 11, 13 and was excluded from further analysis. Molecules that diffused for at least 10 s (300-1,500 ms frame rate) were included in the diffusion analysis.
For studies involving EcMutS and EcMutL, fluorescent molecules in two channels were co-localized using a custom written MATLAB script. In these studies 80% (43 out of 54) of the co-localized molecules displayed 1D diffusion, while 20% (11 out of 54) exhibited insignificant movement (Extended Data Table 3 ). Most of the stationary molecules appeared to be associated with the flow-cell surface and not subsequently stained DNA molecules (Extended Data Table 3 ). A similar distribution was observed for the EcMutS-EcMutL(R95F) complex (Extended Data Table 3 ). We excluded these immobile molecules from further analysis and only included molecules that diffused for at least for 10 s (250-600 ms frame rate).
In the presence of EcMutS and EcMutL, 89% (85 out of 95) of the EcMutH molecules displayed stable 1D diffusion along the DNA, while 11% (10 out of 95) exhibited insignificant movement (Extended Data Table 3 ). Most of the stationary molecules appeared to be associated with the flow-cell surface and not subsequently stained DNA molecules (Extended Data Table 3 ). We excluded these immobile molecules from further analysis and only included molecules that diffused for at least for 10 s.
EcMutL sliding clamps were easily distinguished from the EcMutS-EcMutL complex as a result of its extremely fast diffusion along the DNA (Fig. 2e, g ). We included molecules with D > 0.05 μ m 2 s −1 for this analysis. Position determination on DNA. After the real-time measures, the 17.3-kb mismatched DNA was stained with Syto 59 (700 nM, Invitrogen) or Sytox Orange (250 nM, Invitrogen). The left (P L ) and the right (P R ) end positions of the DNA were determined by plotting the fluorescent intensities along the length of the stained DNA (Extended Data Fig. 1d ). Horizontal positions of diffusing particles (P P ) along the length of the DNA were tracked by DiaTrack 3.04 (Sydney, Australia), in which the particle intensities were fit to a two-dimensional Gaussian function to obtain their positions with sub-pixel resolution. The positions were then converted to lengths in bp by the following equation: 17,332 bp × (P P -P L ) / (P R -P L ), where 17,332 bp is the length of the mismatched DNA. A 1,000 bp (~ 2 pixels) binning size was used to construct the position histograms. Diffusion coefficient measurement and diffusion distance calculation. Particles were tracked using DiaTrack as described above to obtain single-molecule trajectories. Diffusion coefficients were calculated from the trajectories as described previously 36 . Briefly, the diffusion coefficient (D) was determined from the slope of a mean-square displacement (MSD) versus time plot using the equation MSD(t) = 2 Dt, where t is the time interval. The first 10% of the total measurement time was taken for point fitting. A minimum number of 50 frames were used to calculate the diffusion coefficients except for EcMutS-EcMutL complexes at 125 mM or 150 mM NaCl, in which 30 frames were used as the minimum because of the shortened lifetime. The MSD of each molecule was calculated by:
where t = nΔ T (n = 1, 2, 3…., Δ T is the sampling rate), N = total number of diffusion events, x = horizontal position, and i = diffusion event. Diffusion coefficients were graphed in box plots (Figs. 1c, 2g, 3c, Extended Data Fig. 5) showing the mean (red line), median (indentation), the upper and the lower quartiles (box ends) and the outliers (whiskers). Diamonds indicate individual events. The average diffusion distance (d) was calculated using the equation: d = Dt 2 , where t is the average lifetime of the particles on the DNA (Fig. 2d) . Only EcMutS diffusion distance was reported during dissociation events of EcMutS-EcMutL complex. Lifetime measurement. A 100-ms or 200-ms frame rate was used to measure transient-bound EcMutL or EcMutH on DNA. A 1.5-s frame rate with 300-ms laser exposure time was used to minimize photo-bleaching during EcMutS sliding clamp or EcMutL sliding clamp lifetime measurements. A 1.0-s frame rate with 300-ms laser exposure time was used to minimize photo-bleaching during EcMutL-EcMutH complex lifetime measurements. A 600-ms frame rate with a 300-ms laser exposure time was used to detect transient association-dissociation during EcMutS-EcMutL complex lifetime measurements. Kymographs were generated along the DNA by a kymograph plugin in ImageJ (J. Rietdorf and A. Seitz, EMBL Heidelberg). The dwell times of EcMutS sliding clamps, EcMutL particles or EcMutH particles on DNA were obtained from kymographs and binned to generate dwell time distributions, which were then fit to single exponential decay functions to determine the mean ± s.e.m. For EcMutS-EcMutL complexes, kymographs of both channels were merged and dwell times were obtained from the overlapping regions of the kymographs. Since we never observed EcMutH DNA binding at physiological ionic conditions, the lifetime of the EcMutL-EcMutH complex was obtained from kymographs of EcMutH channel alone. Binning method. All the binning methods in diffusion coefficient and lifetime analysis were described previously 36 and shown as below:
Size of bins Max min Number of bins 0 5 where: N = numbers of events; max = maximum value of events; min = minimum value of events; bin start = min; bin end = min + (bin size × number of bins). Bins distribution were then fit to standard curves 37 . EcMutS-EcMutL complex, EcMutL sliding clamp and EcMutL-EcMutH complex frequency measurements. EcMutS-EcMutL complex, EcMutSEcMutL(R95F) complex, EcMutL sliding clamp, and EcMutL(R95F) sliding clamp frequency measurements were performed at a 600-ms frame rate with a 300-ms laser exposure time. Following the infusion of proteins, single-molecule movies (10 min) were recorded either immediately (Figs. 2h, 3g) or after 10 min incubation to establish equilibrium (Fig. 3d) . EcMutL or EcMutL(R95F) were tracked by DiaTrack and the trajectories were obtained as described above. EcMutL or EcMutL(R95F) with a minimum lifetime of 30 s and a minimum diffusion coefficient of 0.1 μ m 2 s −1 were counted as the number of EcMutL sliding clamps (N L or N L(R95F) ). EcMutS and EcMutL (or EcMutL(R95F)) channels were merged and co-localized molecules with a minimum lifetime of 10 s were counted as EcMutS-EcMutL or EcMutS-EcMutL(R95F) complexes (N SL or N SL(R95F) ). Following the real-time single-molecule recording, the number of DNA molecules (N DNA ) was determined by Sytox Orange staining. The frequencies of EcMutL sliding clamps (F L ), EcMutL(R95F) sliding clamps (F L(R95F) ), EcMutS-EcMutL complexes (F SL ) and EcMutS-EcMutL(R95F) complexes (F SL(R95F) ) were calculated using the following equations that also included corrections for labelling efficiencies of the proteins (the numbers in the denominator, Extended Data Table 1 ): EcMutL-EcMutH complex frequency measurement experiments were performed at a 600-ms frame rate with a 300-ms laser exposure time by using unlabelled EcMutS (5 nM), EcMutL-Cy3 (10 nM) and EcMutH-AF647 (5 nM). Following the infusion of proteins, single-molecule movies (10 min) were recorded immediately (Fig. 4a) . EcMutH was tracked using DiaTrack and the trajectories were obtained as described above. EcMutH particles with a minimum lifetime of 10 s were counted as the number of EcMutL-EcMutH complex (N LH ). Following the real-time singlemolecule recording, the number of DNA molecules (N DNA ) was determined by Syto 59 staining. The frequencies of EcMutL-EcMutH complex (F LH ) were calculated using the following equation that also included corrections for labelling efficiencies of the proteins (the numbers in the denominator, Extended Data Table 1 ):
All single-molecule studies were performed at least two separate times.
Analysis of the distribution of EcMutS-EcMutL complex dissociation processes.
Following the infusion of proteins, single-molecule movies (10 min) were recorded after a 10 min incubation to establish equilibrium (Figs. 2a, 3e) . Kymographs of EcMutS-EcMutL complex or EcMutS-EcMutL(R95F) complex were obtained by merging the two channels. We included only the initial events for individual molecules in the analysis when multiple events between the same molecules were observed. MMR complementation in vivo. P. L. Foster (Indiana University) supplied the E. coli strains (all derivatives of MG1655 F-lambda-ilvG-rfb-50 rph-1). Mutation rates to rifampicin resistance were determined as previously described 34 , using at least seven independent colonies for each genotype. Δ mutS, Δ mutL and Δ mutH strains were co-transformed with respective MMR protein expression plasmids (Extended Data Table 2 ) and pTARA plasmid 38 (for T7 RNA polymerase expression, a gift from K. Matthews, Addgene plasmid 31491). Single colonies were picked and grown overnight in the presence of 50 μ g ml −1 kanamycin, 35 μ g ml
chloramphenicol, 0.2% Arabinose, and IPTG (0.05 mM for EcMutS, 0.2 mM for EcMutL and 0.1 mM for EcMutH). As controls, single colonies of wild-type, Δ mutS, Δ mutL and Δ mutH strains without plasmids were similarly grown overnight. Dilutions of overnight cultures were plated on LB-Agar plates with or without 100 μ g ml −1 rifampicin and allowed to grow overnight at 37 °C. The colonies on LB with or without rifampicin were counted and the mutation rates were determined by fluctuation analysis 39 . EcMutH endonuclease activity assay. The d(GATC) endonuclease activity associated with EcMutH was assayed using 50 nM of the unmethylated FAM-labelled DNA substrate incubated with 4 μ M EcMutH in a 50 μ l reaction containing 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 and 0.1 mM DTT at 37 °C for 1 h. DNA was then denatured in 50% formamide at 95 °C for 10 min and resolved on a 12% denaturing PAGE gel. Analysis of EcMutS-EcMutL complex by smFRET. Particle positions were tracked with DiaTrack and particle trajectories were determined as previously described 36 . The fluorescent intensities of the particles in both channels (I AF555 and I AF647 ) were obtained from the trajectories using a custom written MATLAB script. A background correction was applied to all the intensities by using intensities in blank area. The apparent FRET efficiency was calculated as I AF647 /(I AF555 + I AF647 ). Average free-energy barrier calculation for the EcMutS-EcMutL complex. To determine whether EcMutS-EcMutL complex diffusion includes rotational as well as translation diffusion we calculate the free-energy barrier of rotation along the DNA in aqueous solution (ε) 23, 36 . These interactions can be described by diffusion on a rugged free-energy landscape by the following equation: . The Stoke's radii of an EcMutS dimer and an EcMutL dimer are 5 nm and 9 nm, respectively 34, 40 . There is no available Stoke's radius for the EcMutS-EcMutL complex; however, it is expected to be larger than that of EcMutL. Thus, we estimated a Stoke's radius of 9 nm for the EcMutS-EcMutL complex. The calculated ε in the equation using the experimentally determined diffusion coefficient for the EcMutS-EcMutL complex (0.004 ± 0.002 μ m 2 s −1
) yields an energy landscape of 1.7 ± 0.2 k B T (s.d.).
